Energy transfer at room temperature and in aqueous solution between two hydrocarbon chromophores, 2-acetylaminofluorene and 7-methylbenz(a)anthracene, covalently attached to DNA and to homopolynucleotide models is described. Transfer, as evidenced by changes in fluorescence intensity and polarization, is a function of secondary structure.
Study of energy transfer in polynucleotides at room temperature in aqueous solution at pH 7 is inhibited by the lack of fluorescence or phosphorescence of the major natural nucleotides under these conditions. No evidence of transfer could be obtained even when synthetic polynucleotides and complexes containing rare (but natural) bases such as N4-acetylcytidine, 7-methylinosine, or 7-methylguanosine which fluoresce in aqueous solution, albeit with a low quantum yield, were examined in aqueous solution (1) . Although energy transfer has indeed been demonstrated in nucleic acids in a rigid medium at 77°K, it is difficult to extrapolate such results to aqueous conditions (2) . Intercalation of acridine derivatives in DNA gives rise to an energy transfer from the nucleotide residue absorbing light to the dye, though demonstrations of transfer via several bases is much less clear (3) . Other studies have shown a triplet transfer from photosensitizers such as acetophenone to thymine residues (4). Energy transfer from the fluorescent Y base in yeast tRNAPhe to dye stuffs covalently bound to the oxidized ribose residue of the 3'-terminal adenosine has also been demonstrated (8) .
The present report describes energy transfer at long distance (15-20 X) between hydrocarbon chromophores covalently linked to bases in synthetic polynucleotides and DNA in aqueous solution at room temperature. Two different chromophores, 7 -methylbenz(a)anthracene and 2-acetylaminofluorene, with completely different fluorescence characteristics were employed.
MATERIAL AND METHODS
UV absorption spectra were recorded with a Cary 15 spectrophotometer. Fluorescence spectra were obtained with a double monochrometer Zeiss fluorimeter. All excitation and emission spectra were corrected. Values of polarization were determined with a fluorescence polarization spectrophotometer equipped with two photomultipliers to detect separately each polarized component of the fluorescent light (5 To a solution of 5 mg of poly(G) in a 1:1 water-propyleneglycol mixture (2 ml) at 20'C was added 5 mg of 7-bromomethylbenz(a)anthracene in acetone (1 ml). After 10 min, the solution was extracted 3 times with 2 ml of ether (extracts were discarded) and the aqueous solution was dialyzed overnight against water and then lyophilized.
MBA derivative (1% substitution) of polyadenylic acid To a solution of 10 mg of poly(A) in a 1:1 water-propyleneglycol mixture (6 ml) at 20'C was added 5 mg of 7-bromomethylbenz(a)anthracene in 1 ml of acetone. After one extraction with ether, the remaining poly(A) was treated again with the carcinogen under the same conditions. After 10 min, the solution was extracted thrice with 2 ml of ether and the aqueous solution was dialyzed overnight against water and lyophilized.
MBA derivative (6-8% substitution) of DNA To a solution of Micrococcus lysodeikticus DNA (5 mg) in 3 ml of 0.005 M sodium cacodylate buffer (pH 7.0)-0.01 M NaCl were added 3 ml of propyleneglycol and 1 .mg of 7-bromomethylbenz(a)anthracene. After 10 min at 20'C the solution was extracted 3 times with ether, the extracts were discarded, and 1.5 ml of 4 M NaCl was added to the aqueous solution. The DNA was then precipitated by the addition of 12 ml of ethanol.
In each case, the quantity of methylbenz (a)anthracene covalently bound to Three equal portions of poly(G)-MBA(2.6%) each containing 0.5 ,umol of nucleotide were treated with 0.5, 1.5, and 3.0 ,umol of N-acetoxy AAF, at room temperature for 2 hr in 1:1 aqueous propyleneglycol. The reaction mixtures were extracted 3 times with 2-ml portions of ether and the aqueous solutions were dialyzed extensively against water.
An aliquot of each was hydrolyzed in 0.1 M KOH for 30 min at 800C and the substitution by 2-acetylaminofluorene was estimated from the spectra of the alkaline hydrolysate. The results showed 6.8, 9.6, and 11.6% substitution, respectively. Excitation and emission spectra of poly(G)-MBA (2.6%) (-)and the same polymer substituted with 6.8% AAF (--) 9.6% AAF (. *) and 11.6% AAF (--). Excitation spectra (emission 420 nm) are normalized at 360 nm and emission spectra at 420 nm (excitation at 310 nm). All solutions in water at 20°C. Fluorescence in arbitrary units.
was estimated by assuming an e302 Snm equal to 20,000 and an absorbance ratio 302 nm/256 nm of 1.2. Poly(A)-MBA(1%)-AAF(10.4%) To 1 mg of poly(A)-MBA(1%) in 0.1 ml of water was added 5 MAmol of N-acetoxy AAF in 1.5 ml of propyleneglycol, and the solution was kept at 370C for 3 hr. After addition of 1:1 water-propyleneglycol (4 ml), the mixture was extracted 3 times with ether and dialyzed extensively against water and then against 0.01 M NaCl-0.005 M sodium cacodylate buffer, pH7.0.
M. lysodeikticus DNA-MBA(6%)-AAF(34%) To 3 Mmol of DNA-MBA(6%) in 1 ml of 0.01 M NaCl-0.005 M sodium cacodylate, pH 7.0 was added 3.3 Mumol of N-acetoxy AAF in propylene glycol. The solution was incubated at 37CC for 3 hr, extracted with ether, and dialyzed against 0.01 M NaCl-0.005 M sodium cacodylate, pH. 7.0. Other preparations of DNA, containing different proportions of AAF, were prepared in the same way by addition of appropriate amounts of N-acetoxy AAF.
RESULTS AND DISCUSSION
Both N-acetoxy AAF (6) and 7-bromo MBA (7) react with poly(G) at position 8 of the guanine residues (data to be published). The two carcinogens also react with adenine residues in poly(A), though the nature of the product is not yet completely defined. Under the conditions used, no reaction occurs with polycytidylic acid or polyuridylic acid. As Fig. 1 shows, there is considerable overlap between 200 and 320 nm in the absorption spectra of the monomer products GMP-AAF and GMP-MBA, the latter showing absorption at longer 9.6% (---), and 11.6% (-. *) AAF residues. All solutions in water. B (left), Difference excitation spectra between poly(G)-MBA(2.6%) complexed with poly(C) and the same complexes containing 6.8% ( ), 9 .6% (---), and 11.6% AAF (. ) covalently linked to guanine residues. All solutions in 0.01 M NaCl-0.005 M sodium cacodylate, pH 7 The differently substituted poly(G) all give double-stranded complexes with poly(C). Fluorescence excitation spectra ( Fig.  3B and 4 ) of these complexes also show an increased intensity of fluorescence by excitation in the region where GMP-AAF residues absorb. The spectra show poorer resolution at 280-295 nm compared with the results described above, probably because of the much larger absorption by poly(C) at these wavelengths compared to poly(G).
Evidence of energy transfer is also seen in the variations of fluorescence polarization for the different polymers and complexes (Table 1) . These variations are maximal at 310 nm, at which wavelength transfer is most efficient, as shown by the excitation spectra. Increase in percentage of donor molecules (AAF) in the polymers and complexes increases the depolarization. The percentage depolarization is less for the complexes with poly(C) (32-40%) than for the modified poly(G) (2); and for D)NA-MNBA(6%')-AAF(34%) in 0.01 M1 NaCI-0.005 M sodium cacodylate, pH 7.0 (3) and in the same buffer diluted with one volume of ethanol (4) . B, ORI) spectra of A.1 lysodeikticus DNA (1), DNA-MIBA(6%) (2), and DNA-MBA(6%)-AAF(34%) (3). All solutions in 0.01 M NaCl-0.00.5 M sodium cacodylate, pH 7.0. One division corresponds to a rotation of 0.005 degree for one absorbance unit at Xmx.
(Center) Fie. 7 . A, Excitation spectra at 20'C of M. lysodeikticus DNA-MBA(6%) (-) and of the same DNA with 34% AAF ---in 0.01 M NaC1-0.005 M sodium cacodylate, pH 7 (Fig. 6A) , though the "native" form of the DNA is maintained. This is also indicated by the optical rotatory dispersion spectra (Fig. 6B ).
Acid hydrolysis of the modified DNA (1 N HCl at 800C for 1 hr) followed by chromatographic separation of the products showed that equal quantities of adenine and guanine residues were substituted.
Fluorescence excitation spectra at 200C of the DNA-MBA-AAF(34%) show a 3-fold increase in intensity at 310 nm cornpared with the control DNA substituted solely with MBAI (Fig. 7A) . In contrast, the acid hydrolysate containing monomer residues shows a relative diminution in fluorescence (Fig.  7B) , after correction for the fluorescence of the hydrolysis product of adenine conjugated with the acetylaminofluorene. As with poly(G), energy transfer is also characterized by changes in fluorescence polarization in the region 305-315 nm (Table 2) . At 315 nm, there is 48% depolarization in aqueous solution compared with 38% in the presence of ethanol. This lowered efficiency of transfer is also seen in the fluorescence excitation spectra. A similar parallelism between depolarization and energy transfer as indicated by increased intensity of fluorescence is shown in the properties of a series of modified DNAs in which the quantity of acceptor (MBA) is constant but the percentage of donor (AAF) residues varies. Thus for four preparations of M. lysodeikticus DNA, all containing 8% of the nucleotides conjugated to MBA, but with 10, 25, 37, and 42% of the residues linked to AAF, the maximum increase in intensity of the fluorescence excitation spectra was noted at 25% substitution by the donor, coincident (Table 3) with maximum depolarization (24, 37, 31 and 26% at 315 nm respectively). Since the ratio of fluorescence intensity by excitation at 310 nm of DNA-MBA(6%) relative to that of DNA-MBA(6%)-AAF(20%) is independent of viscosity over a range of 1.7 to 49 centipoises (sucrose solutions); it is unlikely that transfer by contact between distinct polymer molecules plays an important role in the transfer of energy described above. In any case, at high levels of substitution with most of the purine bases modified, direct transfer between hydrocarbon residues at contact distance in the double helix must be much more significant. This work was supported by grant no. 6600206 from the
